A scenario discovery study of the impact of uncertainties in the global container transport system on European ports
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Introduction
In the past couple of decades, changes in the global container transport system have happened very rapidly. These changes have affected virtually all actors in the system, but the biggest impact has been on maritime ports. Ports have to be adaptive and resilient in responding to the changes in the global container shipping system. In today's globalized economy, ports need to ensure that they can function robustly, both as a transshipment node and as a gateway node for global trade flows. A failure to respond to changes in a timely manner often results in negative consequences for the port itself, as well as the economy of the region or country to which the port belongs. For example, the recent congestion at ports on the west coast of the US resulted in estimated damages for the economy of roughly 7 billion US dollar [1] .
Preparing a port for a wide range of possible future developments is a profound challenge. The global container shipping system is composed of many elements, with strong interdependencies. Often, small changes cascade quickly through the system, potentially resulting in substantial changes somewhere quite far removed from the initial small change. For example, recently Ultra Large Carrier Vessels have entered the market. Liner shipping companies have started to form alliances to pursue economies of scale. This in turn affects the frequency of port calls, the port rotation schedule, and the container volumes loaded and unloaded at each port. Changes not only take place on the seaside. Developments in the hinterland, such as the construction of new infrastructures such as road, railways, and intermodal facilities affect transport cost.
The ongoing changes on both the seaside and the land size of seaports change the spatial flow of containers globally. The operation of the Trans-Siberian railways is an example of the importance of hinterland infrastructure on global container flows through ports [2] . A similar chained effect also takes place when global policies are imposed on ports. An example of this is the recent International Maritime Organization regulation that limits the use of sulfur in a ship's fuel in many ports in the world [3] . All of these components in the system, both physical and institutional, and the potential linked changes therein demonstrate that ports are part of a complex system. In such systems, observation on the components, and their interaction mechanisms can only be done partially, leading to a limited predictability of the behavior of the system when certain changes occur.
A second reason why preparing a port for possible future developments is important, is that the future is deeply uncertain [4, 5] . Since there are many actors with different objectives involved in the global logistic system, it is virtually impossible to predict how changes in any given component of the system will affect the system as a whole. An example of a disruptive change is the labor strike case on the western coast of the US in early 2015. As a result of the strike, the port of Long Beach was shut down for several days, causing a loss to the GDP of the Unites States of America of roughly 150 M dollar [6] . Another example is the recent drop in the global oil price, which has reduced transport cost significantly. When this low oil price is sustained for a long period (>5 years), it will likely influence trade flows between countries positively. Consequently, this would result in an increase in the volume of containers flows transported globally. Predicting when the oil price will return to its 2013 level is a highly challenging task. Other changes might include the opening and closing of certain maritime routes such as the Suez Canal and the Northern passage (i.e. the arctic route), changes in competition strategies of other ports, emergence of political tensions that hamper trade agreements between countries, etc. In short, there is a massive number of scenarios that can be generated to account for the uncertainties within the global logistic system.
Because of the intrinsic complexity of the global container shipping system, many port authorities and government institutions make use of models to help them in designing appropriate policies and strategies for ports and related infrastructure. Given the many changes taking place within the global container system, however, it is highly implausible that all these changes can be quantitatively explored using a single model. In fact, there are different modeling formalisms that can be used to model changes in the whole system and its sub-systems. Examples of those modeling approaches include discrete choice models [7] , computable general equilibrium models [8] , discrete even simulation models [9] and optimization models [10] . Experts in each of these areas might argue that their modeling approach is best suited to represent the system. To complicate matters, different plausible scenarios can be specified using these models. Consequently, different alternative outcomes might emerge from these different modeling exercises. In short, information from models to perform predictions on such a complex system with many uncertainties might be seriously misleading [11] . Specifically, this can happen when the irreducible uncertainties, which exist in the factors that drive change, are not properly taken into account when calculating the plausible outcomes. Therefore, there is a need for a systematic approach to deal with the uncertainties in the complex container shipping system.
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The objective of this paper is to apply scenario discovery [12] in order to provide insight into the main vulnerabilities for the port of Rotterdam. The main question that we address in this paper is 'what are the key vulnerabilities for the competitive position of Rotterdam in the Bremen -Le Havre range?' Scenario discovery is an innovative model-based approach to scenario development. It is inspired by the scenario logic approach to scenario development. Scenario discovery uses series of computational experiments to explore the consequences of various unresolved uncertainties. These series of computational experiments are subsequently analyzed using statistical machine learning algorithms in order to identify the combinations of uncertain developments that produce characteristic results.
Scenario discovery relies on the exploratory use of one or mode models. In this paper, we use a world container-shipping model [7] . This is a strategic network choice model. The model can be used to estimate the flows of containers between countries given assumptions pertaining network structure, port attractiveness, and origin destination data. Time is not explicitly presented in the model, for the model is static. This implies that the vulnerabilities identified through scenario discovery are not associated directly with a particular point in time. The main uncertain factors that we will be analyzing have been derived from both literatures as well as from discussions with various experts at the Port of Rotterdam. A key criterion in the selection of uncertain factors was their potential to affect the throughput of ports in the Hamburg -Le Havre range. Methodologically, we apply both scenario discovery as well as an innovative worst-case discovery technique. This paper is structured as follows. Section 2 elaborates on the scenario discovery approach proposed in this paper. In section 3, we present a case study illustrating the application of scenario discovery approach to deal with uncertainties faced by European ports. Furthermore, this section also provides the specification of the worldwide container transport model used together with this approach. Section 4 discusses the results of the case study together with the analysis done using scenario discovery approach. Section 5 provides the conclusions of the study.
Scenario discovery: a model based approach to scenario development
Scenario discovery is a relatively novel approach for addressing the challenges of characterizing and communicating deep uncertainty associated with simulation models [13] . The basic idea is that the consequences of the various deep uncertainties associated with a simulation model are systematically explored through conducting series of computational experiments [14] and that the resulting data set is analyzed to identify regions in the uncertainty space that are of interest [12, 15] . These identified regions can subsequently be communicated through e.g. narratives to the decision-makers and other actors involved. In this paper, we complement this basic idea of scenario discovery with a more directed search technique that is useful for worst-case discovery.
A motivation for the use of scenario discovery is that the available literature on evaluating scenario studies has found that scenario development is difficult if the involved actors have diverging interests and world views [12, 16] . Another shortcoming identified in this literature is that scenario development processes have a tendency to overlook surprising developments and discontinuities [17] [18] [19] . A third problem is that any scenario development approach that relies on the mental models of the analyst will struggle when faced with complex systems. Since mental models are typically event based, have an open loop view of causality, ignore feedback, fail to account for time delays, and are insensitive to non-linearity [20] , essential elements of dynamics in complex systems, namely feedback, time delays and non-linearity, cannot be appropriately dealt with. Consequently, mental simulations of complex systems are highly defective, something that has also been demonstrated empirically [21] [22] [23] [24] [25] [26] [27] .
Scenario discovery is a model-based approach that offers support for decision-making under deep uncertainty. Deep uncertainty is encountered when the different parties to a decision do not know or cannot agree on the system model that relates consequences to actions and uncertain model inputs [4] , or when decisions are adapted over time [28] . In these cases, it is possible to enumerate the possibilities (e.g. sets of model inputs, alternative relationships inside a model, etc.), without ranking these possibilities in terms of perceived likelihood or assigning probabilities to the different possibilities [5] .
When using models to support decision making under uncertainty, models have to be used in an exploratory manner rather than in a predictive manner [14, 29, 30] ). In predictive modeling, models are used to predict system behavior and developed by consolidating known facts into a single package [29] . When experimentally validated, this single model can be used for analysis as a surrogate for the actual system. In the presence of deep uncertainty and complex systems, the construction of a model that may be validly used as a surrogate is simply not possible. The complexity of, and deep uncertainty pertaining the system together imply non linearity of system behavior, dynamic complexity, and rival representations of the system which are underdetermined given the available data [31] [32] [33] . Exploratory modeling starts from this fact of not knowing enough to make predictions, while acknowledging that there is still a wealth of information and knowledge available that could be used to support decision making [29] .
When developing and using models for exploratory purposes, the available information is insufficient to specify a single model that accurately describes system behavior. Instead, the information can be used to construct a variety of models, which, taken together, are consistent with the available information. This ensemble of models typically captures more of the available information than any of the individual models [30] . Each of these individual models will have different implications for potential decisions. A single model drawn from this potentially infinite set of plausible models is not a prediction. Rather, this model is a computational experiment that reveals how the world would behave if the various hypotheses encapsulated in this single model about the various unresolvable uncertainties were correct.
A key challenge is to develop effective strategies for searching through the implications of the ensemble of plausible models for the decision problem at hand. Two families of search strategies can be identified: open exploration and directed search. Open exploration can be used to systematically explore the set of plausible models. That is, open exploration aims at generating a set of computational experiments that covers the space of plausible models, or Open exploration uses series of computational experiments. In order to reason on this ensemble, the results from these computational experiments have to be analyzed. The main algorithm that is used for this is the Patient Rule Induction Method (PRIM) [34] . PRIM tries to find combinations of values for input variables that result in similar characteristic values for one or more outcome variables. Specifically, the algorithm seeks a set of hyper rectangular subspaces of the uncertainty space within which the values of a single output variable are considerably different from its average values over the entire uncertainty space. PRIM describes these subspaces in the form of boxes of the uncertainty space. This results in a very concise representation, for typically only a limited set of dimensions of the uncertainty space is restricted. That is, a subspace is characterized by upper and/or lower limits on only a few input dimensions.
In contrast to open exploration, directed search is a search strategy for finding particular cases that are of interest. Directed search can be used to answer questions such as "what is the worst that could happen?" "What is the best that could happen?" "How big is the difference in performance between rival policies?" A directed search provides detailed insights into the dynamics of specific locations in the full space of plausible models. Directed search relies on the use of optimization techniques, such as genetic algorithms and conjugant gradient methods. Open exploration and directed search can complement each other. For example, if the open exploration reveals that there are distinct regions of model behavior, directed search can be employed to identify more precisely where the boundary is located between these distinct regions.
Although scenario discovery can be applied on its own [15, 35, 36] , it is also the analytical core of Robust Decision Making [13, [37] [38] [39] . Robust decision-making is a model-based decision support approach for the development of robust policies. That is, policies that perform satisfactorily across a very large ensemble of future worlds. In this context, scenario discovery is used to identify the combination of uncertainties under which a candidate policy performs poorly, the vulnerabilities of a candidate policy, allowing for the iterative improvement of this policy. The use of scenario discovery for Robust Decision Making suggests that it could also be used in other planning approaches that design plans based on an analysis of the conditions under which a plan fails to meet its goals [40] 3 A global container shipping model
In this section, we introduce the global container model which is the basis for the exploratory modeling, including the associated uncertain factors that will be explored. 
A strategic global container network choice model
The World Container Model is a strategic network choice model for global container flows [7] . The model considers more than 400 major ports, 237 countries, and more than 800 shipping lines. Given a country-to-country origin destination demand matrix, the model calculates how container flows are distributed over the global network of shipping lines and through the various ports. Transport costs in the model are based on transport time, distance, toll, value of time of the goods transported, and cost of handling the containers at the ports. The formal definition of the cost model is delineated below:
where:
Cr costs of route r p ports used by the route l links used by the route Ap total cost of transshipment at port p cl total cost of transportation over link l Tp time spent during transshipment at port p tl time spent during transportation over link l α value of transport time (USD/day/ton)
The mode of transport (sea or land modes) is embedded in the network attributes and does not appear in the cost formula. This mode-abstract formulation enables the use of a more detailed underlying multimodal network; the aggregate result is a level of service expressed in time and cost. The value of the attractiveness parameter ! and the scaling parameter are unknown and need to be estimated. The scaling parameter l captures the phenomenon that, although individual shippers and carriers may decide to use one port or another, their aggregate behavior results in the use of more than one alternative route and that their joint response to policies is a smooth one.
The model enumerates the majority of plausible route alternatives for major countries in the world using the publicly available service tables of shipping lines worldwide and a shortest path algorithm. A route from port of origin to port of destination is determined by first looking at the port-call order of container shipping lines worldwide and then, based on this order, using a shortest path algorithm to identify the sub-segments of the complete shortest route for each port-to-port segment of a shipping line. Hence choice sets are generated for every country O/D pair using both the physical network and the network of service lines defined on top of this physical network.
For instance, a route between an origin country O and destination country D, starting at an origin port S and a destination port E is defined by one or more maritime services between S and E, with intermediate transshipment at ports where a change of service can be carried out. For each (outgoing) port S to the (incoming) port E the shortest path is added to the choice set of this combination O-S-E-D (see Figure 1 ).
Figure 1 Example of a route between OD-country pair [adapted from 7].
The model accounts for both maritime connections between two countries as well as overland connections between these countries. The route and port choice algorithms uses a path-sized logit model which takes overlaps between the alternative routes into account and describes the transport costs associated with these alternatives correctly [41] . The following is the formal definition of the route choice model. The route probabilities are given by: 
Identification of relevant uncertainties
In this paper, we use the world container model to assess the impact of several key uncertain factors on the global flow of containers. The following key uncertainties are treated in the exploratory modeling analysis: We identified the key uncertainties above by means of brainstorming and discussions between the experts from various organizations, including the Port authority, Delft University of Technology, and the national research institute TNO. The main source of input was a group decision room session with 14 experts; 11 of which were from the Port authority, 2 were from Delft University of Technology, and 1 was from TNO. All experts in the group decision room session were male. These brainstorm sessions and in depth discussions where fed by a metaanalysis of transport scenarios and forecasts across the globe, from a heterogeneous set of actors including port authorizes, national governments, international think tanks, and other knowledge institutes. Visions on possible future developments, forecast studies, vision documents from various institutions, and historical data pertaining to each of these uncertainties have been used as input for the discussion. Since we are interested to study the impacts of uncertainties on European ports in general and Rotterdam in particular, the key uncertainties that are identified are limited to those that will potentially impact these ports.
One of the most plausible uncertain factors that could make the ports in Bremen-Le Havre range to experience a decline in container flows is the increase of hinterland transport cost. This increase in cost can be caused by congestion at the terminals, environmental tax, bottlenecks in the inland waterways, etc. A related factor that is subject to change is the hinterland cost of Rotterdam. This change can be caused by congestion or improvement in efficiency of the transport networks that connect Rotterdam to the hinterland destinations. In line with the scenario discovery approach, we took a broad bandwidth into account for this factor. We assumed that the change in cost can vary from 25% increase to 25% decrease respectively. Next, the same presumption is also applied to the travel time of Rotterdam's hinterland connections. Improvement in logistics services at the terminal and throughout forwarding process can bring reduction to the total time needed to transport the containers. We specify a range of plausible change for this variable between -2 to 2 days, representing an increase and a decrease in the time efficiency respectively. For the ports in the Bremen -Le Havre range, a change of two days amounts to a significant change on virtually all hinterland connections.
Furthermore, we also identify the developments in Mediterranean ports that can potentially present threats and opportunities for Rotterdam. The Mediterranean ports are closer to the main sources of products shipped to Europe in South East Asia and China. From a logistical point of view, this makes these ports quite attractive. A plausible development is the improvement of hinterland connections of these ports. The improvements can take form of better connectivity due to availability of better infrastructure such as rail and road, and the availability of better freight forwarding services. Eventually, this development can be foreseen to reduce the cost of the hinterland connections of these ports. Furthermore, in the face of competition with ports in the Bremen-Le Havre range, Mediterranean ports might reduce their tariff so that they can increase their attractiveness for the freight forwarders, especially for containers that can be directly shipped from and to Southern Europe. The plausible range for the reduction of hinterland cost due to this development is assumed to reach a maximum of 25% of the current cost.
The ports in the Bremen -Le Havre range are quite competitive and part of their strategy can be a reduction in tariffs. This reduction in tariff would also increase their attractiveness for liner shipping alliances that use Ultra Large Container Vessels (ULCV) so that they would call hub ports in the Bremen-Le Havre range. Again, we use a range of up to 25% reduction in tariffs.
At the trade level, we also identify that there can be a reduction in overseas trade volume with Asia due to the presence of overland connections or the possible shift of production to Eastern European countries. As the plausible range of the reduction we used 25% of the current trade volume. Last but not least, we also include uncertainties in the availability of maritime routes such as those via northern passage and Suez Canal. Due to political instability in the Middle East, and the presence of pirates in the Gulf of Aden, the Suez Canal might become too dangerous to be use for shipping. Due to climate change, slowly but steadily, a new possible maritime route is emerging. This northern passage offers an alternative direct route from China and Japan, via the Arctic to Europe.
Implementation and Computation
The various uncertain factors may affect the same model parameter. In this case, we handle the effects from the different uncertain factors additively. That is, say we have a computational experiment with an increase of costs on the hinterland connections in Europe of 20%, in combination with a change of the hinterland connection costs for Rotterdam of -10%, than the final costs will be the original costs + original costs * 0.2 + original costs * -0.1.
To explore the consequences of the various uncertain factors in an open exploration, we defined 10,000 experiments using Latin Hypercube sampling across these 9 uncertainties. This means we generate 10,000 random values for each of the uncertainties within the specified ranges and combine these values in a random order into 10,000 sets of 9 input parameters for the model. So, we sample across the 9 uncertainties simultaneously. Next, the world container model is run for each of the 10,000 scenarios. The experiments where performed of a 48 logical core Xeon E5 workstation, and 192 GB of RAM. Runtime was roughly 4 hours. To support the computational experimentation, and the subsequent analysis, we used the Exploratory Modelling Workbench [42] . This is an open source python project that facilitates the entire process of scenario discovery. The World Container Model is implemented in Java and connected to the workbench using JPype, a Python-Java bridge.
results for Port of Rotterdam. This analysis results in the identification of main factors, which jointly cause Port of Rotterdam to be both vulnerable and flourishing. They are the combination of input variables that cause the ports to experience decline and gain in their throughput respectively. Next, we also apply directed search technique to identify the worst possible scenario that could happen to the port of Rotterdam. This analysis results in the identification of the conditions under which this scenario manifests itself, and to what extent Rotterdam will be negatively impacted by plausible uncertainties. Figure 3 shows the change of throughput for the ports in the Bremen -Le Havre range across the 10,000 scenarios. To facilitate interpretation, we divided the throughput resulting from the model by the base flow when there is no uncertainty introduced. This implies that a score lower than 1 means a loss of flow, while a score above one means an increase in flow. In order to allow a comparison across the different ports in the Hamburg -Le Havre range, we have visualized the results across the 10,000 scenarios using a Gaussian Kernel Density Estimate (KDE). The colloquial interpretation of a KDE is that it is a continuous alternative to a histogram.
Open exploration and scenario discovery
So, the figure suggests that Hamburg, Antwerp and Dunkirk are most vulnerable to losing flows. Most of the mass of the KDE of each of these ports is below 1. In contrast, Le Havre and Bremen have most of their mass above 1, suggesting that they benefit from the various uncertain factors. The ports of Rotterdam and Zeebrugge occupy a middle position. The figure also suggests that there is substantial downside risk, and a smaller percentage wise upside opportunity: ports can lose close to 50% of their flow, but only gain a max of almost 20%. Looking closer at the result for Port of Rotterdam, we observe that there is a small but substantial amount of mass below 1. This suggests that there are quite a number of scenarios where Rotterdam loses throughput as a result of the various uncertain factors. This is indicated by the relatively large area covered by the graph between roughly 0.75 and 1. This suggests that the consequence of the uncertainties can be significant, where Rotterdam suffers a 25% reduction in their throughput. Based on these findings, it is valuable to get a deeper insight into the combination of uncertain factors that jointly cause Rotterdam to be vulnerable and potentially lose their throughput.
First, we specify when a scenario is of interest or not by establishing a classification rule. To this end, we classify all cases where Rotterdam witnesses any decline in throughout compared to the reference case as being a case of interest. Specifically the following equation is used to classify all the results:
where is the factor change in throughput as compared to the base flow for Rotterdam as also used in Figure 3 . Next, we use PRIM to identify the combinations of uncertainties that jointly 13 produce undesirable results. PRIM returns multiple explanations for the undesirable results. The analyst can select the explanation that covers most of the undesirable result -this is known as coverage in scenario discovery -while also being mainly valid for the undesirable results -this is known as density in scenario discovery [12] . To assess whether the inclusion of a given uncertain factor in a given explanation is statistically significant, one can use a onesided binomial test -this is sometimes also called the quasi-p value in scenario discovery [12] . Interestingly, an increased efficiency on the hinterland connections of the Mediterranean ports in combination with a reduction in costs for these ports does not cause a significant decline in the throughput of Rotterdam. Furthermore, it is also remarkable that the reduction in trade with Asia does not significantly affect the changes in the throughput of Rotterdam. 
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where !" is the performance in the reference case without any uncertain factors, is throughput, and is transshipment. So, the aim is to find a scenario where the ratio compared to the reference case is minimized, subject to a max 5% change on each of the 7 continuous uncertain factors.
To solve this multi objective optimization problem, we used ε-NSGA2, a state of the art genetic algorithm for solving multi-objective optimization problems [43] . We ran the algorithm for 150 generations, and as can be seen in Figure 5 , the algorithm converged over the course of this simulation. A detailed inspection of the results reveals that all solutions are at the edges specified by the constraints. That is, the maximum negative deviations that are possible specify the worst-case scenarios for Rotterdam. These worst-case scenarios all point to a little bit less than 5% reduction in throughput and transshipment for Rotterdam, given a maximum of 5% change on the uncertain factors. Follow up analyses where we change these boundaries to 10% and 15% respectively, yielded essentially the same results. The loss in transshipment and throughput is about equal to the maximum percentage change allowed on the various uncertain factors. 
Impact of the competition from Mediterranean ports
The analyses so far aimed at investigating situations where Rotterdam experiences changes in their throughput, or where its competitiveness changes as a result of changes in ports in the Bremen-Le Havre range. Based on the previous analysis, we have discovered that a decrease in the cost factor in Mediterranean ports is not able to increase the competitiveness of these ports relative to Rotterdam. Specifically, the container flows to Rotterdam are not affected significantly when port cost factors of these ports are reduced.
Since there have not been many studies concerning competition between Rotterdam and Mediterranean ports, a more thorough investigation on how increased competitiveness of Mediterranean ports will impact container flows in Rotterdam can give a valuable insight to the port of Rotterdam. Hence, in this analysis, we address the question: under which change in the hinterland costs of the Mediterranean ports will Rotterdam be impacted negatively? Thus, instead of defining a plausible range of variable values in which uncertainties might be present and looking at the outcomes caused by one or more major variables, we look at how big the change in input variables needs to be in order to cause the system to behave in a very specific manner. Specifically we are interested to find combinations of factors, which will minimize the throughput difference between Rotterdam and each of the Mediterranean ports. This problem can be modeled as a multi-objective optimization problem where the values of input variables, which minimize the throughput differences simultaneously, are searched. The following is the formulation of the problem.
2:
Again, ε-NSGA2 is used for solving this multi-objective optimization problem. As can be seen in Figure 6 , the algorithm converged over the course of 150 generations.. Figure 7 shows the results found by the optimization algorithm. In the two sub figures, we use parallel coordinate plots. These plots can be used to visualize data with more than three dimensions. This is achieved by depicting each dimension as a vertical line. A multidimensional data point is depicted as a line connecting each of the different dimensions. The left hand side figure presents the values of each decision variable for each solution, while the right hand side figure present the values of the objective functions of the problem. From the result, it can be concluded that both port and hinterland costs of the Mediterranean ports need to decline significantly in order for them to be competitive against Rotterdam. Surprisingly, the closing of Suez Canal and the opening of arctic route also contribute to the increase of Mediterranean port's competitiveness. This can only happen when liner-shipping companies that call at Mediterranean ports before calling Rotterdam do not change their port rotation schedule in the event of such disruptions. In this case, the shortest path from many countries in Far East to Rotterdam is through the northern passage if this is available. As a result, transport cost from these countries to Rotterdam will increase significantly due to the increase in distance that has to be travelled by these shipping companies. If the northern passage is not available, the shortest route is via Cape Town. In a more realistic scenario, an adaptation of the shipping routing is expected to take place. We return to this point below.
Closing remarks
The global container transport network is constantly changing in response to a wide range of developments. It is virtually impossible to correctly anticipate the future dynamics of global flows of containers, due to the intrinsic complexity of the network and the wide range of uncertain factors affecting the network. For ports, this poses a fundamental challenge in the long term planning of their strategy and investments.
To address the combined challenge of complexity and uncertainty, we used a novel modelbased approach to scenario development. Rather than predicting future container flows for a limited set of alternative assumptions, we systematically explored what the container flows could be across 10,000 scenarios, covering 9 uncertain factors. The analysis focused on the consequences of uncertainty for the competitive position of the port of Rotterdam in the Bremen -le Havre range. Uncertainties that were taken into account included changes in global trade flows, changes in the physical network available to ships, and various factors related to transportation costs of ports in Europe and costs on the hinterland connections within Europe. It was found that the critical factor affecting the competitive position of Rotterdam is the quality of their hinterland connection. A modest increase in travel time on the hinterland connections from Rotterdam will shift flows away to other ports in the Bremen -le Havre range.
In two follow up analyses, we used an optimization based search strategy in pursuit of two worst-case scenarios. First, we searched for the presence of a perfect storm scenario, where a set of small changes jointly substantially deteriorates the competitive position of the port of Rotterdam. We were not able to find such a perfect storm, which suggests that the competitive position is quite robust with respect to small changes.
In a second analysis, we tried to find a scenario where the Mediterranean ports become serious competitors of Rotterdam. We were able to find such a scenario, which includes the use of the northern passage and the closure of the Suez Canal. This counterintuitive result suggests two things. First, it points again to the robust position of Rotterdam in the current global container-shipping network. Second, the results of the second directed search point to one of the main limitations of the presented study. The uncertain factors we explored focus on different aspects of global container transport, but they were mainly focused on the ports and the hinterland connections. We have not explored the impact of changes in the shipping line network itself and how these could affect global trade flows. The analyses that have been performed assumed the global shipping service networks to remain the same across different scenarios. This is a gap that needs to be addressed, as this change in the networks presents an additional uncertainty to the ports in the Bremen-Le Havre range and makes the position of these ports more vulnerable. This is not a trivial challenge. At present, to the best of our knowledge, no model exists that represents the dynamics of all global shipping line networks over time. The available literature, instead, focuses on optimizing the routing and frequency for individual shipping lines, or occasionally for an individual shipping company.
Modeling how shipping companies change their network is not simple as there are many factors, both observable (such as cost of transport, market share coverage, and international competition policy) and unobservable (internal agreement between shipping companies to form alliances, political agendas of relevant governments, strategic behavior on part of the shipping companies, etc.), that contribute to the actual structure of their network at any given point in time. Hence, in order to systematically deal with this uncertainty, a separate model would be needed. Combining this model with exploratory modeling analysis and scenario discovery would give more valuable insights on how uncertainties in global shipping network will impact the performance of the ports.
The results of this paper demonstrate the value of using scenario discovery with simulation models to explore a wide range of plausible futures and summarize the results into concise and clear insights. Scenario discovery, both through open exploration and directed search provides a solid for answering strategic questions that come up in the long-term planning of ports.
